SUMMARY
INTRODUCTION
Kuraray have developed an entire range of liquid rubbers (Kuraray liquid rubbers, KLRs) with a uniquely narrow molecular weight distribution and very high batch-tobatch consistency. Testing shows that, when KLRs are substituted for conventional coagents in thermoset EPDM rubber compounds, cure kinetics, crosslink density and mechanical performance improve significantly. This is believed to be due to KLR co-vulcanising with the EPDM whereas conventional coagents only plasticise. This covulcanising, in turn, yields higher mechanical properties and lower VOCs. 
ADDING VALUE TO EPDM RUBBERS
Low-molecular-weight liquid polybutadienes (LBRs) can be used as coagents for EPDM rubbers. KLRs have a significant effect on curing kinetics and physical properties in both sulphurcured and peroxide-cured EPDM. A wide variety of compounds were compared and differences in structural parameters evaluated to provide a comprehensive assessment of final elastomer properties. In particular, macrostructural features such as molecular weight and polymer type (polybutadiene and polyisoprene) were considered, but microstructural influences were also compared. This involved assessing the impact of vinyl content (1,2-butadiene) and molecular structure. A combination of low molecular weight with high vinyl content significantly improves processing parameters and mechanical properties, especially the elasticity-tohardness ratio. The present study also clearly highlights the potential of KLRs for replacing TAC (triallyl cyanurate) as a conventional co-agent. TAC was chosen as a typical co-agent and represents comparable co-agents such as trimethylolpropane trimethacrylate (TMPTM) and diallyl terephthalate (DATP). One of the main benefits of KLRs, in addition to all the technical properties discussed here, is the fact that they are non-toxic, making LBR (polybutadiene) and LIR (polyisoprene) safe and convenient to use. The main point to be taken from the results presented here is the wide variety of uses arising from the different molecular structures. It was found that KLRs with a low molecular weight and high vinyl content produce the best long-term performance and Shore hardness/elasticity ratio, underlined by the fact that they also give the highest crosslink density and best compression set.
For plasticising, on the other hand, polyisoprene gives the best ratio of tensile modulus to Shore hardness. The best results for optimum processing come from polymers with a medium vinyl content, which give the best plasticising effect as measured by Mooney viscosity. Apart from the structural properties presented in this study, molecular weight distribution -another important indicator of the effectiveness of KLRs -was also analysed. In general, a broad molecular weight distribution has a negative impact on a number of important properties. Kuraray's liquid polybutadienes and liquid polyisoprenes have very narrow molecular weight distributions with M w /M n < 1.1. In summary, Kuraray can recommend the following liquid polymers for modifying EPDM and EPM rubber compounds, according to the area of application (Figure 2 ):
• excellent mechanical properties from polybutadiene with low molecular weight and high vinyl content (Kuraray LBR-361)
• maximum flexibility from polyisoprene with high molecular weight and low vinyl content (Kuraray LIR-15)
• best processing characteristics from polybutadiene with high molecular weight and medium vinyl content (Kuraray LBR-353)
LIQUID POLYBUTADIENE AND LIQUID POLYISOPRENE FOR PEROXIDE CURING OF EPDM
Kuraray is a manufacturer of liquid polyisoprene (liquid isoprene rubber, LIR) and liquid polybutadiene (liquid butadiene rubber, LBR). These materials are divided into three categories: homopolymers, copolymers and functionalised polymers. Their key characteristics are molecular weight and microstructure (vinyl content and cis-trans isomerism). Copolymers are available as combinations of polybutadiene and polyisoprene and as combinations with styrene (L-SBR or L-SIR). The liquid state of liquid polydienes is due to their relatively low molecular weight, which varies between 4 000 and 54 000 depending on the grade. This molecular weight range is, in a sense, representative of this class of materials, distinguishing KLRs from solid rubbers such as BR, SBR, NR, EPDM, EPM on the one hand and lowmolecular-weight plasticisers on the other hand. Solid rubbers are currently used in three sectors of industry:
• tyres
• industrial rubber components (other than tyres)
• coatings, sealants and adhesives
Essentially, in order to achieve commercial and technical success, there has to be a plasticising effect on rubber compounds equivalent to that of conventional plasticisers while avoiding the usual negative effects, such as in particular a loss of elasticity and poor compression set behaviour. This is achieved by a combination of higher molecular weight compared with conventional plasticisers and integration into the rubber matrix, which is obtained by co-curing LIR or LBR and base polymer, with the associated high crosslink density. The effects of co-curing are also exploited in the tyre industry, for example, for plasticising while at the same time reducing tyre wear. For the coatings, sealants and adhesives sector, LIR and LBR are used for a wide range of functions. One example is the plasticising and tackifying of hot-melt adhesives. Styrene block copolymers (SBC) or ethylene vinyl acetate (EVA) copolymers are used as base materials in this sector. Thus, plasticisers and tackifiers which could potentially migrate to the surface of the substrate can be replaced with KLRs. Another application is in automotive and electronics adhesives, where LIR grades functionalised by carboxylation or grafting with maleic anhydride (MAH) are used to improve adhesion. Kuraray has developed certain LIR and LBR grades for EPDM and EPM compounds especially for the rubber-processing industry, where the special polymerisation technology provides particular benefits. As well as their industrial utility, another important property of these grades is their safety or non-toxicity, giving LBR and LIR a great advantage when it comes to drinking-water applications. In addition, they have low VOC levels.
In the study presented in this paper, bis(tertbutylperoxyisopropyl)benzene was used as a marketrelevant peroxide. Coagents were added to improve the cure kinetics, mainly because of the desire to increase cure rate and crosslink density. In most cases, substances T/3 such as DATP or TAC with multiple allyl groups are used. As mentioned above, LIR and LBR can be used to replace these conventional coagents. Figure 3 shows the cure kinetics for three different liquid polydienes (LIR and LBR) compared with a compound having no coagent. Rheometer evaluation -torque S' as a function of cure time -leads to the following key features for characterising cure behaviour: T S2 as the cure start time, T S90 as the time to reach 90% of the maximum reaction rate (based on maximum torque) and ΔS as the difference between maximum torque and torque at the start of the reaction. T S2 is equivalent to scorch safety, ΔS the key characteristic providing information on crosslink density and S' max the maximum torque measured. Figure 3 does not show the curve for TAC, but detailed results are given below in Table 9 . In principle, the cure behaviour of TAC lies between that of medium-and high-vinyl polybutadiene.
EXPERIMENTAL
The specific data relating to the raw materials used, compound formulations, compound production, cure conditions and test methods employed can be found in Tables 1 -7 . 
Three-step preparation
Step 1: mixing 4.860 kg of masterbatch (basic formulation without coagent)
Step 2: dividing masterbatch (from step 1) into equal portions of 370 g
Step 3: adding coagent to 370 g portion of masterbatch This method ensures that the compound sample is homogeneous Maximum temperature for peroxide incorporation 90°C Table 5 . Mixing of finished compound
Coagent addition
TAC/LIR/LBR were incorporated into the masterbatch (370 g) in an internal mixer and the compound was cooled and homogenised in a laboratory roll mill to complete distribution and dispersion of the coagent Table 6 . Test sheet production
Cure conditions
The test sheets were heated at 170°C taking account of the T S90 values from the rheometer measurements. Cure time: T S90 + 1 min per mm sheet thickness
INFLUENCE OF STRUCTURE ON PHYSICAL PROPERTIES

Compound formulations and conditions
A commercial EPDM formulation was used to assess the effects of the various coagents ( Table 2) . The compounds were prepared in two steps:
• production of masterbatch / control compound without coagent ( Table 4) • production of finished compounds by adding the various coagents (usually 10 phr, Table 5 )
This method ensures that the actual coagents themselves are compared, excluding any effect from differences in starting compounds. The coagents used can be divided into four categories:
• conventional (TAC)
• low vinyl content
• medium vinyl content
• high vinyl content
The low-, medium-and high-vinyl grades used here correspond to the variants of liquid polydienes currently available. To obtain additional information, the molecular weight in the low-and medium-vinyl groups was also varied and the influence of the class of polymer was taken into account by comparing polyisoprene and polybutadiene.
Cure properties
To analyse the cure behaviour, the Mooney viscosity (Table 8 ) was measured and the rheological properties compared (Table 9, Figure 4) . Generally speaking, a decrease in Mooney viscosity was observed with all the liquid polydienes, the most significant reduction being achieved with the low-and medium-vinyl polydienes.
Higher-molecular-weight polymers evidently have a greater effect than low-molecular-weight polymers. LBR-353, for example, shows a 53% viscosity reduction compared with the control compound, and even shows a 45% decrease in Mooney viscosity compared with the compound that has TAC as the coagent. LIR-15 displays the same tendency, but at a less significant level. In principle, all the coagents investigated (LBR, LIR and TAC) give a moderate improvement, with LBR-353 proving to be the best candidate in terms of maximum improvement in processability combined with the most favourable plasticising effect. To evaluate the rheometer data, a somewhat more detailed analysis is necessary. One of the key characteristics in assessing crosslink density is ΔS (difference in torque). In this study, the high-vinyl grades (LBR-361) gave the best results, with improvements of 53% and 6% respectively over the control compound and the compound with TAC as the coagent. Another advantage observed with the medium-and high-vinyl polydienes concerned the scorch safety T S2 . LBR-353 and LBR-361 led to a slight improvement compared with TAC and a significant improvement over the control compound.
Mechanical properties
All the samples were tested for tensile properties, Shore hardness and compression set. The best soft elastic properties and the best ratio of hardness to compression set were measured with LBR-361 (high-vinyl) and TAC as a conventional coagent ( Figure 5 ). The maximum plasticising (evaluated based on hardness in Shore A), on the other hand, was achieved with two low-vinyl materials, LIR-15 and LBR-302. The tensile properties (Table 10 ) exhibited similar tendencies for LBR-361 and TAC. These also largely correlated to compression set and hardness. LIR-15 and LBR-302 also displayed the same tendency, with low hardness being equivalent to a low modulus. LBR-352, however, deviated from this pattern as its modulus at 100% extension (4.8 MPa compared with 2.0 for LBR-361) showed significantly greater stiffening.
CONCLUSIONS
Kuraray's liquid rubbers improve processability, cure behaviour and mechanical properties. This study was able to show that all the KLRs investigated reduce Mooney viscosity, with LBR-353 and LBR-361 in particular increasing scorch safety. Taking both of these effects as indicators, better processability may be assumed. Other desirable properties can be achieved and adjusted by selecting the right category and grade of KLR.
